Introduction
The prevalence of overweight and obesity among adults in highincome countries has increased almost three-fold in the last two decades. 1, 2 Increased adiposity is associated with an adverse cardiovascular risk profile, characterized by elevated blood pressure (BP), triglycerides, low-density lipoprotein (LDL) cholesterol, and reduced high-density lipoprotein (HDL) cholesterol. Beyond a threshold of 21 kg/m 2 , there is a continuous relationship between body mass index (BMI) and risk of death from coronary heart disease (CHD) in middle-aged adults. 3 Adiposity in adults is also correlated with other biomarkers of cardiovascular risk such as apolipoproteins A1 and B, C-reactive protein, and interleukin-6 (IL-6). 4 -6 The prevalence of overweight and obesity doubled in young children in the UK between 1984 and 1947, 7 reflecting a similar trend in most high-and middle-income countries. Although there is some suggestion that this increase is now slowing, it is too early to be certain of this. 8 If unchecked, an increase in the population burden of cardiovascular disease as these children progress to adulthood can be predicted. A recently published systematic review showed that BMI is positively related to CHD risk from childhood onwards. 9 In North America, severe obesity has already led to childhood cases of metabolic syndrome and type 2 diabetes, 10 and children with these disorders exhibit an extremely adverse cardiovascular risk profile. There is also evidence on increasing childhood type 2 diabetes in the UK. 11 However, less is known about the relationship between adiposity and cardiovascular risk factors in general populations of children or how these relationships compare with those recently reported in adults. 3 Whether BMI is an adequate measure for assessing adiposity in childhood has been debated. 12, 13 Waist circumference provides a simple alternative measure that may be a better marker of central adiposity, being more closely associated with visceral fat mass, but BMI has the advantage of being better validated, more accurately measured, and accepted as a primary care measure in adults. More specific measures of adiposity include dual-energy X-ray absorptiometry (DXA) or plasma leptin concentration but these require specialist equipment or a blood sample. We measured BMI, waist circumference, DXA fat mass, and leptin concentration in up to 7589 children between 9 and 12 years of age who were born in the Avon region of England in the early 1990s and who were participating in a long-term follow up programme. We examined the relationship with a wide range of cardiovascular risk factors and biomarkers. The aim of the study was to compare the magnitude of association of the four measurements of adiposity with a range of cardiovascular risk factors in children and to place the findings in the context of a recent large-scale study of BMI and cardiovascular risk factors in adult life. 3 
Methods

ALSPAC cohort
ALSPAC is a large longitudinal study of the childhood determinants of adult disease. The cohort and study design are described in detail elsewhere 7 (http://www.alspac.bris.ac.uk). Briefly, 15 541 pregnant women with an expected delivery date between the start of April 1991 and the end of December 1992 were enrolled. The cohort of 14 062 live-born children has been followed up initially with questionnaires through childhood, and since the age of 7 at regular clinics. Between January 2001 and January 2003, 7725 children agreed to attend the clinic. Approval for the study was obtained from the ALSPAC Law and Ethics Committee and the local research Ethics Committee. Written informed consent/assent was obtained from both the parent/guardian and the child.
Anthropometric measurements
Current age of the child was recorded in months as they arrived at the assessment clinic. Weight and height were measured in light clothing and without shoes. Childhood development and pubertal development was assessed using Tanner stages. Weight was measured to the nearest 0.1 kg using Tanita scales (Wardworth Ltd, Bolton, UK). Height was measured to the nearest 0.1 cm using a Harpenden stadiometer (Holtain Ltd, Crymych Pembrokeshire, UK). Waist circumference was measured to the nearest 1 mm at the mid-point between the lower ribs and the pelvic bone with a flexible tape. Fat mass was assessed using DXA. A Lunar Prodigy narrow fan-beam densitometer (GE Healthcare, Bedford, UK) was used to perform a whole-body DXA scan, where bone content and lean and fat mass were measured. Overweight and obesity were defined using age-and sex-specific BMI thresholds proposed by the International Obesity Task Force,  14 which correspond to the adult BMI cutoffs of 25 and 30 kg/m 2 for adult overweight and obesity.
Measurement of cardiovascular risk factors
Blood pressure was recorded in the right arm in the seated position using a Dinamap 9301 Vital Signs Monitor (Morton Medical, London, UK), and the mean of two values were used for analysis. A child-size cuff (upper arm circumference 12 -19 cm) or a small adult-size cuff (17 -25 cm) was used depending on the size of the upper arm circumference. Non-fasting blood samples were taken using standard procedures, with samples immediately spun and frozen at 2808C. The measurements were assayed in 2008 after a median of 7.5 years in storage with no previous freeze-thaw cycles during this period. Plasma lipids (total cholesterol, triglycerides, and HDL cholesterol) were performed by modification of the standard Lipid Research Clinics Protocol using enzymatic reagents for lipid determination. Apolipoprotein A1 and B were measured by immunoturbidimetric assays (Hitachi/Roche). Leptin was measured by an in-house enzyme-linked immunosorbent assay (ELISA) validated against commercial methods. Adiponectin and IL-6 were measured by ELISA (R&D systems, Abingdon, UK), and C-reactive protein was measured by automated particle-enhanced immunoturbidimetric assay (Roche UK, Welwyn Garden City, UK). All assay coefficients of variation were ,5%. Non-HDL cholesterol was calculated as total cholesterol minus HDL cholesterol. The amount of weekly vigorous physical activity was assessed by a self-completion questionnaire at 9 years of age, asking how many times a week the child participated in a range of activities including running, dance, gymnastics, netball, swimming, and aerobics.
Definitions of hypertension, hypertriglyceridaemia, hypercholesterolaemia, and low-high-density lipoprotein cholesterol
Hypertension was defined as systolic or diastolic BP above the 95th percentile, using age-and height-specific cut-points defined by the National High Blood Pressure Education Program Working Group on High Blood Pressure. 15 Levels of triglycerides .1.7 mmol/L were considered hypertriglyceridaemia, whereas HDL-cholesterol was defined as low if ,1.03 mmol/L, as recommended by the International Diabetes Federation (IDF). 16 
Statistical analysis
We conducted all analyses using Stata 10. We assessed the distribution of continuous variables and conducted log transformations for DXA, leptin, triglycerides, C-reactive protein, and IL-6, which were not normally distributed. We used the Pearson correlation coefficient and linear regression analysis to evaluate the associations among adiposity measures (BMI, waist circumference, leptin, and DXA) and of these measures with cardiovascular risk factors. To facilitate comparison of the association of adiposity measures with cardiovascular risk factors, we estimated the difference in each risk factor for a standard deviation difference in each adiposity measure. We used logistic regression analysis to estimate odds ratios for hypertension, hypertriglyceridaemia, and low-HDL cholesterol in overweight and obese children in comparison with children of normal weight. Analyses were restricted to participants with complete data on the marker of interest, and results are presented separately for boys and girls.
Results
More than 13 600 children were invited to attend the clinic between January 2001 and January 2003 and 7725 agreed. Among these, 7589 (98%) had a valid BMI and waist circumference, 7220 (93%) DXA measurement, 7481 (97%) BP, and 5002 (65%) blood sample measurements. Eighty-two per cent of boys and 55% of girls were in the pre-pubertal stage (Tanner scale I) and 99% of boys and 90% of girls were in Tanner scale I or II. Children who attended the clinic were higher educated, had older mothers, and lived in owner-occupied housing. Children who attended also had a slightly higher mean birthweight (unpublished data).
Distribution of body mass index and other adiposity measures and proportion of normal weight, overweight, and obese children
The anthropometric characteristics, and mean values of the measured indices of adiposity among the children studied (mean age 9.9 years; 51% girls), are shown in Table 1 . Body mass index in both sexes exhibited a slight rightward skew in its distribution, but transformations did not improve the normality and linearity assumption. Using consensus thresholds for BMI from the International Obesity Task Force, it was found that 15.9% of the children were overweight (13% of the boys and 18.8% of the girls) and 5.2% were obese (5.3% of the boys and 5% of the girls) ( Figure 1 ).
Relationship between body mass index and other measures of adiposity
Waist circumference, DXA fat mass, and leptin concentration were all higher among overweight and obese children, defined on the basis of BMI, than among children of normal weight ( Table 1 ). All of the adiposity measures exhibited strong linear correlations with one another over the whole range of values ( Table 2) .
Relationship between overweight and obesity and cardiovascular risk factors and biomarkers
Body mass index, waist circumference, log DXA total fat mass, and log leptin concentration were all linearly associated with cardiovascular risk factors and biomarkers, and the magnitudes of the associations were generally similar. However, lean DXA mass had a slightly weaker association with the other risk factors and a negative relationship with total cholesterol (Table 3) .
In males, a 1 kg/m 2 higher BMI was associated with a 1. ) in girls] and about three times more likely to have low-HDL cholesterol [odds ratio 2.5 (95% CI 1.7-3.6) in boys and 3.1 (95% CI 2.4 -4.1) in girls] compared with normal-weight children. Being obese was associated with an even higher risk, with an odds ratio for hypertension of 10.7 (95% CI 7.2 -15.9) in boys and 13.5 (95% CI 9.4 -19.5) in girls; an odds ratio for hypertriglyceridaemia of 3.7 (95% CI 2.4 -5.7) in boys and 5.9 (95% CI 3.9-8.9) in girls; and an odds ratio for low-HDL cholesterol of 7.5 (95% CI 4.9 -11.6) in boys and 10.2 (95% CI 6.8 -15.3) in girls ( Table 5) .
Normal-weight children had a higher frequency of participation in vigorous physical activity compared with overweight and obese, but no association was found between physical activity and being hypertensive, having low-HDL cholesterol, or high triglycerides, in any of the BMI categories.
Discussion
In this large study of children born in the 1990s, we identified a high prevalence of overweight and obesity, based on standardized and validated cut-point values for BMI. Obesity increased the risks of childhood hypertension over 10-fold and dyslipidaemia by more than three-fold; the risks were also substantial for overweight children.
There was an incremental, largely linear relationship of BMI with each of the risk factors and biomarkers evaluated, the shape and gradient of which were similar to that seen in adulthood. Similar magnitudes of association (also largely linear) were seen for other measurements of adiposity in this large cohort of children. The patterns of correlation among adiposity measures and biomarkers, with higher values of BP, non-HDL cholesterol, apolipoprotein B, C-reactive protein, and IL-6, and lower values of HDL cholesterol and apolipoprotein A1, also mirrored those seen in adulthood.
These findings suggest that adiposity begins to promote an adverse cardiovascular and metabolic profile from early in life. The similar patterns of correlation in childhood and later life also suggest that adiposity exerts similar adverse effects on vascular risk factors from early life to adulthood and beyond.
There has been concern that BMI may be an imprecise measure of adiposity in children because it does not distinguish between lean and fat mass. A recent study in children aged 9-11 years (in which cardiovascular risk factors and biomarkers were not reported) compared the association of BMI and waist circumference index with DXA-determined total fat and lean mass and distribution of fat mass. It concluded 'body mass index, rather than waist circumference index, would be a better screening tool for total and truncal fat mass in both sexes before puberty'. 17 That study, however, did not compare associations of the three measurements of childhood adiposity with cardiovascular risk factor traits. 17 We also found BMI to be well correlated with other indices of adiposity, including waist circumference, leptin concentration, and DXA fat mass. Using quartiles of the distributions of the different adiposity measures, we found that, of the overweight and obese children, who, by definition, were all in the top quartiles of BMI, 88% were in the top quartile of waist circumference, 91% were in the top quartile of DXA fat mass, and 80% were in the top quartile of leptin distribution (Supplementary material online, Table S1 ). Each of the measures also exhibited a broadly similar, incremental association with BP and blood lipids over the whole range of values. Given the greater ease, reliability, and feasibility 18 of measuring weight and height, compared with waist circumference or DXA fat mass (or taking and analysing a blood sample for leptin), our findings support the continued use of BMI in public health surveillance and clinical practice in children. Above a threshold value of 21 kg/m 2 , a higher BMI was associated with a higher risk of cardiovascular events and with both cardiovascular and non-cardiovascular mortality in a participant level meta-analysis of data from 900 000 adults (aged 15-89) from the general population. 3 The association with cardiovascular events above this threshold was accompanied by a graded continuous association with several cardiovascular risk factors and biomarkers including BP and HDL and non-HDL cholesterol. These associations are strikingly similar to those we observed in children in the current study. There are good reasons for thinking that the associations in adulthood are causal. First, surgery to reduce obesity is associated with a correction of an adverse profile of risk factors and with a reduction in cardiovascular events. Linear regression coefficients for one z-score increase in adiposity measurements adjusted by age. Analysis was restricted to 2414 males and 2331 females with all valid adiposity measurements. Values in parentheses are statistically not significant (P ≥ 0.05). a Log-transformed.
observed associations of BMI itself. 21 It has, however, been more difficult to establish a causal relationship between childhood overweight and obesity and clinical events in late life because the extended time span between the exposure and outcome imposes practical limitations. In two large record linkage studies, there was an association between higher BMI in childhood or adolescence (measured between ages 7 -13 in one study 22 and mean age 18 in the second 23 ) and CHD mortality. The risk was linear across the BMI distribution, but the magnitude of the association increased with older age at BMI measurement. If the association of childhood BMI and CHD mortality is wholly or primarily explained by its association with adult BMI, interventions to reduce adiposity at any stage in the life course (determined by when interventions were likely to be most effective) might be appropriate. 24 However, if greater adiposity in childhood is already having adverse effects on vascular and metabolic function, then there is a rationale for preventing or treating overweight/ obesity in childhood in order to reduce future cardiovascular risk. 24 Neither of these record linkage studies had information on cardiovascular risk factors or adult BMI and were therefore unable to explore these possibilities. Other studies have shown that obese children have higher BP, dyslipidaemia, higher fasting glucose and insulin, and a more atherosclerotic risk profile. 10, 25 Body mass index and waist circumference are also associated with higher BP in childhood, with these associations being continuous across the distribution of BMI or waist circumference. 26 Body mass index in childhood tracks with a higher BMI in adulthood, 27 and overweight and obesity at any age reflect preceding energy excess. All interventions of proven efficacy in reducing BMI, e.g. reduced energy diets, 28, 29 drugs that reduce appetite or induce fat malabsorption, 30,31 bariatric surgery 32 (that all reduce energy intake), or exercise regimen 33 (that increases calorie usage), lead to a net energy deficit. The absolute energy deficit required to normalize BMI in adulthood is likely to be much greater than the energy deficit required to achieve normalization in childhood, because there has been less time for accumulation, arguing in favour of prevention and/or early intervention to reduce childhood overweight and obesity as a public health problem. Few obesity prevention strategies have been shown to be effective 34 but strategies promoting sustained behavioural changes that encompass lower energy intake, greater physical activity, and less sedentary time, may be effective for weight reduction. 35, 36 Surgery and drug treatments are less desirable options in children, making research on the efficacy of interventions that promote improvements in diet and exercise in childhood a priority. It has already been shown in the ALSPAC cohort that moderate-to-higher intensity physical activity is associated with lower levels of fat mass in early adolescence. 37 The optimal interventional strategy, and whether to target children with more extreme elevations in BMI, to reduce the average BMI among all children using a broader public health strategy, or both, requires evaluation. Some of the limitations of our study are noteworthy. Our sample of children was representative but drawn from only one region of the British Isles. It is unclear whether the magnitude or shape of the associations of BMI and cardiovascular risk factors we observed would be the same in other regions, or in other countries with similar demography. Children who attended the clinic were more highly educated, had older mothers, and more lived in owner-occupied housing. Children who attended also had a slightly higher mean birthweight. This selective loss to follow-up may mean that we have underestimated the prevalence of overweight and obesity. Moreover, the drop-out in blood testing was slightly higher in obese and overweight children (56% of obese and 62% of overweight had valid blood results compared with 67% in normal-weight children). Although the children we studied in ALSPAC are a contemporary cohort in comparison with childhood cohorts studied previously, the analyses are nevertheless based on data obtained nearly a decade ago. Dietary and lifestyle habits are likely to have changed somewhat in the last decade and so our findings may not extrapolate directly to current British 9-year-olds. White coat hypertension in children is recognized and our BP measurements were clinic-based. However, we have no reason to suspect that the white coat effect should differ systematically according to BMI categories and that the white coat syndrome would confound the association of BMI with high BP.
Although there was an association between levels of physical activity and being overweight/obese, this did not influence the association between obesity and the cardiovascular risk factors. But it is worth noticing that we may have used an insensitive selfreported rather than objective measure of physical activity.
In summary, we have shown that, in 9-year-old children, a higher BMI is already associated with adversely altered cardiovascular risk factors. Moreover, the associations recapitulate those seen in adulthood in their direction, shape, gradient, and pattern. The associations with LDL cholesterol, apolipoprotein B, and BP are noteworthy because these risk factors are considered to have a causal role in cardiovascular disease though the causal relevance of the other biomarkers is less certain. Although the alterations observed in childhood are occurring far in advance of the period of life at which clinical events occur, and the absolute risk of a cardiovascular event below the age of 45 years has been low, atheroma is known to accumulate from as early as the second decade of life. 38 Future research should evaluate whether interventions to reduce adiposity in children may be a valuable investment in the health of future generations.
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